PURPOSE. To elucidate the underlying pathologic mechanism of congenital stationary night blindness (CSNB) by examining the characteristics of electrical signal transmission within the inner retinal circuit after Cacna1f gene mutation.
PURPOSE. To elucidate the underlying pathologic mechanism of congenital stationary night blindness (CSNB) by examining the characteristics of electrical signal transmission within the inner retinal circuit after Cacna1f gene mutation.
METHODS.
Retinas isolated from the spontaneous Cacna1f mutant rats or wild-type rats were placed into a recording chamber, with the ganglion cell layer facing the biochip electrode array. The light-driven responses of the retinal ganglion cells (RCGs) were recorded using a multielectrode array (MEA) system. In the electrical stimulus cases, chargebalanced biphasic current pulse trains were generated and applied to the central electrode of MEA to stimulate the RCGs. Chemical compounds were bath-applied through an active perfusion system. The acquired data were further analyzed offline.
RESULTS. Typical electrical responses were successfully recorded in the retinas of both wild-type rats and Cacna1f gene mutated rats. In the Cacna1f mutant retinas, the amplitude of the light-induced a-wave was decreased, paralleling the vanished b-wave. The responsive a-wave was not blocked by the application of 100 lM 2-amino-4-phosphobutyric acid. The increased spontaneous firing rate and the decreased robustness of light-driven signaling reflected a loss in the ability of ganglion cells to encode visual signals reliably and economically. Moreover, the ON pathway is somehow disconnected from ganglion cells, whereas OFF pathways may be preferentially selected by the CSNB retinas. In the electrical stimulus cases, the long-latency responses of RGCs evoked by the indirect synaptic inputs from outer layers of retina were weaker in the CSNB rats compared with that of SD rats.
CONCLUSIONS. Using MEA recording, we provide evidences of functional changes for visual signal pathway plasticity in the Cacna1f mutated retinas. Our results suggest that the dysfunctions in photoreceptor neurotransmitter release and the loss of signaling efficiency both occur during CSNB, and the latter is possibly reversible. (Invest Ophthalmol Vis Sci. 2013; 54:1988-1997 ) DOI:10.1167/iovs. C alcium ion influx through L-type voltage-gated channels activates the readily releasable pool in the presynaptic ribbon terminals of photoreceptors and triggers off neurotransmitter exocytosis. [1] [2] [3] [4] This is the key biological process in visual signal generation and transmission. [5] [6] [7] These functional L-type currents are predominantly attributable to the Cav1.4 channel in mammalian retina. 8, 9 Several mutations within Cacna1f, the gene that codes for the a1f subunit of the Cav1.4 calcium channel, impair the rod signal pathway and the cone signal system. These mutations are also associated with incomplete X-linked congenital stationary night blindness (iCSNB), a hereditary form of severe night vision loss. [9] [10] [11] [12] Defects in the a1f subunit have been reported to cause abnormalities in number, structure, and function of photoreceptor ribbon synapses and, consequently, interrupt synaptic transmission from photoreceptor to second-order neurons in nob2 mice. 13, 14 The CSNB rats with mutated Cacna1f gene have the electroretinogram (ERG) phenotype that closely resembles that of the iCSNB patients. 12, 15, 16 Therefore, this spontaneously mutated animal model is of particular importance in pathophysiologic studies on iCSNB. A recent morphologic study found that bipolar cells in the Cacna1f mutant rat's retina exerted ectopic synapses to the outer laminae of the outer nuclear layer (ONL). Study of the Cacna1f mutant rat also showed a decrease in the thickness of the outer plexiform layer (OPL) and the number of horizontal cells, whereas the microstructure of the inner retina seemed relatively intact and consolidated. 17 These impressive rectifications of outer synaptic inputs likely affect the inner retinal circuits. However, little is known about the physiologic effects on the ultimate action potential signals of retinal ganglion cells (RGCs).
The multielectrode array (MEA) system has been used in the retinal studies. [18] [19] [20] A special map of neural electrophysiologic functions and retinal network activities can be drawn by simultaneously acquiring the electrical response of various retinal locations from as many as 64 electrodes, providing valuable clues for the intercellular ''talks'' within inner retinal circuits. Due to its ensemble and noninvasive advantages, this technology bridges the gap between the conventional in vitro recording and the complicated in vivo recording, especially in electrophysiologic explorations that target ion channels. 19, 20 The MEA system has been adopted for recording the activities of retinal neurons such as ganglion cells [21] [22] [23] and photoreceptors. 18, 24 Using this instructive recording system and the spontaneously mutated CSNB rats, the modified physiologic properties of the visual signal pathway in the iCSNB retina and the underlying pathologic mechanisms of retinal remolding were explored in the present study.
METHODS Animals
All experiments were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The spontaneous gene mutant rats were obtained from the 23rd inbred generation that derived from the originally identified mutant rat, 12 whereas the wild-type (Wt) rats (Sprague-Dawley) were provided by the Laboratory Animal Research Center of the Fourth Military Medical University. All animals were maintained under standard laboratory conditions (18-238C, 40%-65% humidity, 12-hour dark/light cycle) with food and water available without restriction.
Tissue Preparation and MEA Recording
The 8-to 10-week old Wt and Cacna1f mutant rats were dark-adapted overnight before recording. The animals were euthanized by quick cervical dislocation under dim red light. The eyes were enucleated and dissected immediately. The neural retina was gently removed from the pigment epithelium layer of the eyecup and placed into the recording chamber, with the ganglion cell layer facing the MEA biochip electrode array. The electrode array used in the present study contains 64 electrodes, arranged in an 8 3 8 layout with 450 or 100 lm for space configuration (Alpha MED Sciences Ltd., Osaka, Japan). A nylon mesh and a slice anchor were then placed over the retina to hold it in place. A small drop (5.0 lL) of cellulose nitrate solution (1.0 mg Sartoriusscaled cellulose nitrate dissolved in 10.0 mL methanol; Sartorius AG, Goettingen, Germany) was smeared on the electrode array as electric glue to ensure better retinal contact. Two kinds of electrodes with different dimensions were used: (1) the bigger electrode array (electrode diameter, 50 lm) was used for field potential recording to attain a global convergence of retinal neurons' chorus; (2) the smaller electrode array (electrode diameter, 20 lm) with better spatial sampling ability and higher sensitivity was used to record the firing spikes and the cross-correlations of RGCs (Fig. 1 PO 4 , and 10 D-glucose) at a flow rate of 1 mL/min. To obtain stable data, the light response of the retinal ganglion cells was recorded after 1 hour of adaptation to the solution environment.
The chemical compounds were bath-applied through an active perfusion system. Tetrodotoxin (TTX), 2-amino-4-phosphonobutyric (APB), cis-2,3-piperidinedicarboxylic acid (PDA), 18b-glycyrrhetinic acid (18b-GA), and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were obtained from Sigma (St. Louis, MO). The responses were recorded using the MEA system (MED-64; Alpha MED Sciences Ltd.). The analog extracellular neuronal signals from 64 channels were AC amplified, sampled at 20 kHz, and stored on a compatible computer for subsequent off-line analysis. All recordings were subsequently subjected to off-line spike sorting and analysis using commercial software (Offline Sorter; Plexon Inc., Dallas, TX; and Neuroexplorer; Nex Technologies, Littleton, MA).
Stimulus and Spike Analysis
The responses were elicited by white light-emitting diodes (LEDs).The generated light was projected onto the retinal surface via a lens focus system, at a mean photonic intensity of 950 mcdÁs/m 2 . The LEDs were driven by a computed stimulator to provide the retina a uniform fullfield illumination.
Before spike detection, the field potentials were wiped off through a band-pass filter (100-3000 Hz). The threshold for spike detection was set to four times the SD of the mean value of the measured signal for each electrode. 19, 20 These candidate spike waveforms were then sorted (Offline Sorter; Plexon Inc.). The clusters were first identified using a K-mean cluster algorithm, and then manually edited for clustering errors. The interspike interval (ISI) histograms were analyzed as described previously for each unit to determine the regularity and distribution of the spikes, and thereby to elucidate the cell firing pattern. 21 The peristimulus time histograms (PSTHs) and the raster plots of individual units were used to categorize the ganglions. 19, 23 The units without visual response were categorized as nonresponsive. These units with a visual response, but showed no clear peaks at either stimulus onset or offset, were categorized as others. The PSTHs were smoothed using a Gaussian kernel to analyze the latency of the ON and OFF responses. The time from the onset or offset of light stimulus to the maximum peak was defined as the ON or OFF response latency.
The electrical stimulus was set as described previously. 25 In brief, charge-balanced biphasic current pulse trains were generated (anodic pulse first, no temporal separation between two phases) and applied to one electrode (No. 28) at the center to stimulate the RCGs.
The pulse amplitude and the duration were fixed at 30 lA and 500 ls, respectively, which reliably evoked the RGC responses. Each trial was repeated 10 times. The RGC response intensities were measured by counting the number of evoked spikes within 10 to 50 ms poststimulus. Each value was averaged from the 10 repeated stimulations.
Statistical Analysis
The clusters were first identified by a K-mean cluster algorithm. An unpaired Student's t-test was used on multifocal ERG recordings to assess the statistical differences between the Cacna1f mutant and Wt rats. In the MEA recording from RGCs, the statistical significance of the differences in mean firing rates and discharge patterns between Cacna1f mutant and Wt rats were calculated using a Kruskal-Wallis ANOVA, followed by the Kolmogorov-Smirnov test. P < 0.05 was considered significant. The values are presented as mean 6 SEM, unless otherwise specified.
RESULTS

Light-Induced Field Potentials
The isolated rat retinas were placed on the MEA with the RGC layer against the chip. Typical electrical responses of the Wt retinas were successfully elicited by the light from white LED and harvested by each MEA electrode ( Fig. 2A) : the a-wave, the main negative response after the light onset that represents the photoreceptor activity (0.196 6 0.038 mV, n ¼ 20); and the bwave, the positive response immediately after the a-wave (found in 12 of a total 22 specimens). The c-and d-waves, 18 which were derived from pigment epithelium cells, were not recorded in the present study because the pigment epithelium layer was removed from tissue specimens. Application of 100 lM APB, a selective agonist of mGluR6 in ON-bipolar cells, blocked the responsive a-waves, but not b-waves (Fig. 2C ). The insensitivity of the responsive a-wave to APB indicates its total dependence on the photoreceptor activity. 24 In the Cacna1f mutated retinas, the light-induced a-waves can still be detected with significantly reduced amplitude when compared with those of Wt retinas (0.078 6 0.026 mV, n ¼ 20, Kruskal-Wallis test, P < 0.01, Fig. 2B ), which suggested that the light-induced responses of photoreceptors were partly retained in the Cacna1f mutant retinas, and these photoreceptors were partly functional after Cacna1f mutation. However, no b-wave was recorded in any of the Cacna1f mutant retinas, which implies a disruption of visual signal transmission between the photoreceptors and the ON-bipolar cells.
Electrical Stimulated Response
After electrical stimulation, spikes were recorded in 384 and 366 single RGC units from 10 sets of the Wt and Cacna1f mutated retinal patches. Reliable evoked responses were recorded in 147 and 131 of them and were eligible for further analysis. An example of the recorded waveforms of single RGC activities that responded to the stimulus pulses in the Wt and Cacna1f mutant rats is shown in Figures 3A and 3B . Two types of RGC responses were evoked by the electrical stimulus in the present study as previously reported. 26, 27 The short-latency responses were evoked within 5 ms after stimulation, and the long-latency responses were evoked approximately 10 to 50 ms after stimulation. The short-latency responses were generated by direct stimulation of the RGCs, whereas the long-latency responses might be produced by indirect stimulation from the outer retina through synaptic communication. The response intensity of RGCs decreased as the distance between the stimulating electrode and recording electrode increased. 27 Therefore, the reliably responding RGCs were categorized into different subgroups based on the distance between the stimulating electrode and the recording electrode (distance [in lm]: 100, 141, 200, 223, 283, 300, 316, 361, 387, 400, 424, 447, 500, and 566). The number of evoked spikes within 10 to 50 ms poststimulus in each subgroup in the Cacna1f mutated rats was significantly lower than that in the Wt rats (Fig. 3C ). These findings suggested that the long-latency responses decreased in the Cacna1f mutated rats.
Spontaneous Spikes
The smaller electrode (20 lm) for recording the action potentials of RGCs was used to explore how the Cacna1f mutation affects the signal transmission in the inner retina. The MEA recording was used to monitor the spontaneous extracellular firing spikes from 30 to 90 RGCs simultaneously from each retina after dark adaptation and stabilization. The RGCs of the Cacna1f mutant retina fired at a much higher spontaneous frequency than did those of the Wt (Fig. 4A) . It was observed that a single electrode occasionally detected activities from two or more RGCs. The activity of these multiRGCs was excluded, to avoid potential missorting of spikes and to obtain more accurate measurements. Only recordings obtained from a single cell per channel were included in subsequent analysis. 21 The rightward shift and decreased initial slope in the cumulative frequency histograms were observed in Cacna1f mutant retinas, indicating increased spontaneous firing rate of a larger RGC proportion (Fig. 4B) . The quantitative analysis showed that the average frequency of spontaneous spikes was significantly higher in the Cacna1f mutant retina than that in the Wt retina (Kruskal-Wallis test, P < 0.01, Fig. 4C) ; Thus, spontaneous hyperactivity occurred in the inner retina as photoreceptors' function degenerated in the Cacna1f mutant retina.
This inclination could be exemplified by two representative pairs of RGCs from different Wt retinas and Cacna1f mutant retinas. As illustrated in the firing rate histograms (Fig. 4D) , the average spike rate over a 50-second period in the Cacna1f mutant RGCs (cell 1 ¼ 9.94 Hz, cell 2 ¼ 15.01 Hz) was higher than that of the Wt RGCs (cell 1 ¼ 2.13 Hz, cell 2 ¼ 2.08 Hz) 
Discharge Patterns of Spontaneous Spikes
The ISI histograms and autocorrelations analysis was used to evaluate the discharge patterns of the spontaneous firing RGCs in the present study 21, 28, 29 : regularly firing cells, exhibiting the normally symmetric distribution of intervals on ISI histograms; irregularly firing cells, showing ISI histograms with the asymmetric distribution; bursting cells, bursting with the no or single spike periods; and mixed cells, showing a random spike firing that superimposed on the burst. The majority (90.6%) of the detected RGCs ranked among these four typical subtypes (Fig. 5A ). According to this classification, the proportions of bursting and mixed-type firing RGCs were significantly higher in the Cacna1f mutant retinas at the expense of a decrease in the proportion of irregularly firing RGCs (Fig. 5B) . In addition, the total spike number of each RGC subtype was calculated. It was found that the spike number of the mixed-type RGCs was higher in the Cacna1f mutant retinas (246,553, n ¼ 20) than that in the Wt retinas (112,089, n ¼ 20, Kruskal-Wallis test, P < 0.01). The spike numbers of the other three RGC types were similar in both kinds of retinas (P > 0.05). Therefore, the mixed-type RGCs might be responsible for the spontaneous hyperactivity of the Cacna1f mutant retinas. Those ambiguous RGCs (9.4%), which could not be accurately attributed to any of the aforementioned types as the low-firing rate, were not included in our interpretation.
Light-Evoked Spikes and Correlated Activities
Full-field light flashes evoked responses in both the Wt and Cacna1f mutant retinas. The spikes were extracted from the underlying field potential with the pass frequency of 100 to 3000 Hz using off-line software (Spike Sorter; Plexon Inc.). The lightinduced ON and OFF spikes were extinguished by 100 lM TTX (Fig. 6A) , suggesting that they were the RGCs' action potentials triggered by visual signal inputs from the photoreceptors.
Using the formerly described classification method, 30,31 six main categories of RGCs from both central and peripheral retinal regions were identified by their response characteristics to light stimulus. These categories included: responding predominantly to light onset (ON), to light offset (OFF), or to both (ON-OFF); sustained response to light onset (sustained ON); sustained response to light on and offset (sustained ON-OFF); and sluggish response to light offset (delayed OFF). The PSTHs under raster plots also revealed the presence of these RGC populations in the Cacna1f mutant retinas (Fig. 6B) . Other rarely encountered types were not included in our calculation. 31 These MEA data proved that the basic physiologic response types and a substantial part of RGCs' function were retained in the Cacna1f mutated retinas, despite the inputs from photoreceptors degraded and the morphology of OPL substantially changed.
The correlated activities between neighboring or distant RGCs were investigated to determine the circuit organization of the retinal network. In the Cacna1f mutant retinas, we observed two of the three cross-correlation characteristics of normal RGCs. 32 They were excitatory correlations with narrow-scale (<1 ms) and medium-scale (<25 ms) correlations, respectively (Figs. 7Aa, 7Ab) . Such correlations at relatively short-scale intervals originated from the inner retina and they were mediated through gap junctions between the RGCs and/ or the amacrine cells. These synchronous ''talks'' between RGCs suggested that the intercellular communication within the inner retinal network was well retained in the Cacna1f mutated retina. To dissect the role of these gap junctions, a potent gap junction blocker 18b-GA was applied in the Wt and the Cacna1f mutated retinas' discharging recordings. In the Cacna1f mutated retinas (n ¼ 5), 100 lM 18b-GA caused a pronounced decrease in the firing frequency of spontaneous firing spikes, whereas no appreciated effect was found in any of the Wt retinas (n ¼ 5, Fig. 7B ). This difference indicated that gap junctions were closely related to the correlated electrical discharges and these gap junctions had been upregulated in the Cacna1f mutated rats after the disruption of visual signal transmission in the outer retina.
The RGCs pair displaying correlated activity at broad-scale intervals (40-100 ms) was not detected in any of the recorded Cacna1f mutated retinas. This correlated activity was commonly seen in the Wt retinas and could be eliminated by blocking the chemical synaptic inputs from photoreceptors (Fig. 7Ac) . Given that the origin of these cross-correlations involved the participation of photoreceptors and bipolar cells in polysynaptic circuits, 32, 33 the absent contribution of the polysynaptic inputs to RGCs' interactions was most likely disrupted by the malfunctioning L-type calcium channels, which might lead to disruption of chemical synaptic inputs.
Pathway Remolding of the Retinal Circuit
The ON and OFF responses were separated to find out the exact subtype of RGCs that would be responsible for the reduction in total responses of the Cacna1f mutant retinas. It was found that the ON responses degenerated disproportionately to the OFF responses, which remained relatively preserved in the Cacna1f mutated retinas (Fig. 6C) . Therefore, this alteration in the total responses of Cacna1f mutant retinas could be attributed to the ON RGCs.
Considering their complex physiology, no widely accepted classification protocol was readily available for rat RGCs. Therefore, it is difficult to determine if the decrease in ON response was caused by alterations in a specific subtype of RGCs or overall cell populations. We delineated the distribution of these ganglion cells according to the relative proportion of ON versus OFF response amplitude that made up the total light response. Primarily, these ganglion cells were divided into ON-dominant (ratio > 0.5), OFF-dominant (ratio < 0.5), and equal (ratio ¼ 0.5). 30, 31 More OFF-dominant cells and fewer ON-dominant cells were found in the Cacna1f mutant retinas. The distribution of recorded firing spikes among such subgroups revealed that a significantly greater proportion of the entire cell population was dominated by OFF responses in the Cacna1f mutated retinas than that in the Wt retinas. The retinal ON and OFF signal pathways in the inner retina were differentially affected by Cacna1f gene mutation. These progressive modifications in the ON and OFF pathways could be considered a consequence of developing plasticity of the retina circuits after congenital gene mutation in the outer retina. The latency of both the OFF and ON responses significantly increased in the Cacna1f mutant retinas (Kruskal-Wallis test, P < 0.05, Fig. 6D ). The delay was consistent with the disappearance of the b-wave in the field potential of the Cacna1f mutant retinas, which implied the disruption of visual signal transmission between the photoreceptors and the ON-bipolar cells in the OPL. This interruption in the onset ON signal pathway caused pathway reorganization in the downstream neuron circuits.
Then 50 lM CNQX þ PDA cocktail was applied to block the OFF signal pathway. The majority of OFF responses in both kinds of retinas were disrupted by the CNQX þ PDA cocktail. The firing rate of total response decreased, whereas the firing frequency of the ON response increased in the Cacna1f mutated retinas (Fig. 6C, Blocked) . In addition, the latency of ON responses was significantly increased in the Cacna1f mutant retinas after the application of CNQX þ PDA cocktail (Fig. 6D, Blocked) . In both kinds of retinas, the OFF responses of the OFF RGCs and the ON-OFF RGCs were disrupted by the CNQX þ PDA cocktail, but the OFF responses of the delayed OFF RGCs and the sustained ON-OFF RGCs were not (Fig. 6B,  Blocked) . Therefore, the OFF firing spikes from the latter two RGC types constituted the residual OFF responses that were not blocked by cocktail.
DISCUSSION
Most studies on CSNB focus on the anatomic changes and functional states of photoreceptors. [8] [9] [10] 13 On the other hand, the functional changes in the inner RGCs after Cacna1f mutation have not been reported. The MEA system can systematically examine the electrophysiologic properties of neurons in Cacna1f mutated retinas. [18] [19] [20] Its electrodes have a high sensitivity for the subtle and focal activation of retinal neurons, probably because of their direct contact with retinal tissue. Given that it can detect the functional recovery in a local treated area, spatial MEA data should be of particular value in the therapeutic studies such as gene therapy and cell transplantation. 24 Our MEA research identified marked alterations in the physiologic activity of retinal neurons that accompany visual signal pathway reorganization in a naturally mutated animal model. We profiled several pathologic features of iCSNB that have not been described previously. The presence of residual light-induced a-wave indicates that photoreceptors are partially functional in the Cacna1f mutant retinas. The disappearance of the b-wave, which mainly reflects ON-bipolar cell and Müller cell activity, 18 implies a disruption of visual signal transmission between the photoreceptors and the ON-bipolar cells in Cacna1f mutant retinas. The b-wave was not recorded from several Wt retinas (10 of 22). It is unstable in MEA recording and corresponds to the b-wave of traditional ERG. 18, 24 The bwave, which is smaller in the recordings from isolated retinas than in recordings from intact eyes, 18 may also be eliminated by perfusion with changes in ionic balance 34, 35 or by the blockage of blood flow in laboratory animals 36 and in human patients. 37 These factors may be the cause of instability of bwaves in Wt retinas and in electrical stimulation, the longlatency responses fired at a lower frequency in Cacna1f mutant retinas. The dysfunction of the L-type calcium channel causes disturbances in retinal signal transmission. Under such a condition, although the neurons in the outer layer of retina are stimulated by electrical current, the generated signals could not be transmitted to RGCs through synapses. Therefore, the lower firing frequency of long-latency responses proves that the indirect synaptic inputs from the outer retina are affected by Cacna1f mutation. 25, 27 Given that the relatively minimal contribution of RGC activity makes to the full-field ERG, 38 ,39 the present study first describes the inner retinal function alterations of the CSNB animal model. These discharge patterns of spontaneous activity together with the light-stimulated responses recorded in the present study are typical in mammalian RGC physiology, thereby validating our recording conditions. 30, [40] [41] [42] [43] The spontaneous hyperactivity found in CSNB rats' retinas suggests a significant alteration in the electrophysiologic properties after Cacna1f mutation. Considering the trivial expression of the Cacna1f gene in the inner retina, mutation of this gene is unlikely to alter the intrinsic cellular function of the RGCs, such as membrane properties, dominant receptive fields, and so on. 10 A more likely mechanism underlying this hyperactivity might be attributed to various alterations in the organization of inner retinal circuits that are presynaptic to the RGCs. The cause might be the abnormal excitatory versus inhibitory imbalance, which is based on the increased glutamatergic inputs and/or decreased inhibitory GABAergic inputs to RGCs. [44] [45] [46] Further separate examination of the ON and OFF responses showed that the interruption of visual signal transmission between the photoreceptors and the ON-bipolar cell causes pathway rearrangement in downstream neuron circuits: the ON pathway was somehow disconnected with RGCs, whereas the OFF pathway might be preferentially selected by the Cacna1f gene mutated retina; the lower total firing rate of the light-induced response in Cacna1f mutant retinas can mainly be attributed to the aggressive loss of the ON response. These The CNQX þ PDA cocktail was used to block the OFF signal pathway in both Wt and CSNB retinas (Blocked): in both the Wt and the Cacna1f mutant retinas, the OFF responses of the OFF RGCs, and the ON-OFF RGCs were disrupted by the blocker, but the OFF response of the delayed OFF RGCs and the sustained ON-OFF RGCs were not. (C) The median amplitude of total light-driven response was lower in the Cacna1f mutant RGCs than that in the Wt RGCs. This decrease was largely attributed to the aggressive loss of the ON response. After application of the cocktail, the majority of light-induced OFF responses in both the Wt and the CSNB retinas were disrupted; the firing rate of total response decreased, whereas the firing frequency of the ON response increased in the Cacna1f mutant retinas. (D) The latency was increased significantly for both the OFF and the ON responses in the Cacna1f mutant retinas. After application of the cocktail, the latency of the ON responses increased significantly in the Cacna1f mutant retinas. findings provide evidence for functional changes that are consistent with retinal network plasticity and remolding after Cacna1f mutation. The mechanism of this remolding remains to be known. The altered photoreceptor activity can cause abnormal patterns of synaptic connections in downstream targets. [47] [48] [49] The process of switching dendritic connections from rod bipolar cells to cones has been proven to eventually corrupt ON pathways. 30, 44 Further immunohistochemical studies are needed to verify if the ectopic synapses in the outer laminae of ONL in Cacna1f mutant retinas comply with this rule. Moreover, the OFF pathway is unidirectionaliy inhibited by the ON pathway but not vice versa. 50 Given that the ON pathway, which appears to be more vulnerable to visual signal interruption in the OPL, is severely damaged in the CSNB rats, it is difficult to rule out the possibility that the inhibitory effects of the ON pathway on the OFF RGCs diminished. Another possible explanation is that the decreased excitatory drive of the AII-amacrine (rod) cell may cause disinhibition on the throughput of the OFF-cone bipolar cells. 51 Analysis of synchronous firing suggests that neighboring RGCs share excitation from the amacrine cells via electrical junctions (medium type), and excite each other cells via electrical junctions (narrow type). Involvement of gap junction transmission in these synchronous RGC discharges implies that the firing patterns in the Cacna1f mutant retina are shaped by electrical coupling in the inner retina. It has been reported that some of the gap junction-mediated electrical connections, such as the coupling of AII-amacrine cells and ON-cone bipolar cells within the functional circuits, are vital for retinal plasticity. 52, 53 Through the coupling of the AII-amacrine cells and the ON-cone bipolar cells, the rod signals are integrated into the cone pathway and propagate asymmetrically: the rod signals spread into the cone system much more efficiently than the cone signals into the rod system, allowing weak rod signals to be highly amplified and effectively transmitted to the cone system but not vice versa. [54] [55] [56] In the Cacna1f mutated retinas, the absence of the contribution of broad scale cross-correlation to RGCs' interactions means the vanished polysynaptic inputs from the bipolar cells. Therefore, the malfunction of chemical synaptic inputs from rod bipolar cells to AII-amacrine cells would inevitably affect the downstream electrical correlations between AII-amacrine cells and ON-cone bipolar cells. The asymmetric signal transmission, which amplifies rod signals, is likely to be altered by these dynamic interactions. This rectification might be responsible for the fragility of the rod (B) A potent gap junction blocker 18b-GA was applied in the Wt and Cacna1f mutated retinas' discharging recordings. In the Cacna1f mutated retinas (n ¼ 5), 100 lM 18b-GA caused a pronounced decrease in the discharging frequency of spontaneous firing spikes, whereas no appreciated effect was found in any of the Wt retinas (n ¼ 5, [B] ).
signal gain in the Cacna1f mutant retinas, and be considered as a novel pathologic theory for the impaired night vision in iCSNB. The paired patch recordings of AII-amacrine cells and ON bipolar cells could be used for quantitative measuring of the rectification of the electrical coupling in the Cacna1f mutated retina. [52] [53] [54] [55] Direct evidence for ON/OFF pathway reorganization was identified by pharmacologic experiments. It was shown that the ON pathway in the Cacna1f mutant retinas was suppressed by the OFF pathway, and this suppression could be relieved to restore the ON response when the robust OFF pathway was disrupted by the CNQX þ PDA cocktail.
These results highlight the importance of understanding how and when malfunction of neurotransmitter release in OPL during early onset CSNB interacts with the visual signal pathway remolding in the downstream inner retinal circuits. Typical physiologic types of the spontaneous and the lightdriven response were retained in these retinas, albeit at higher or lower frequencies and with somewhat reorganized patterns than those of the Wt controls. Likewise, synchronous correlation activities recorded from the Cacna1f mutant retinas also demonstrated that the basic network interactions in the inner retina are preserved in the absence of chemical synaptic inputs from the outer retina. Together with the partly survived photoreceptor function, these findings ignite the light of hope that visual function could be restored in the Cacna1f mutant retinas through gene therapy or cell transplantation, particularly if the treatment or the manipulation of retinal circuit plasticity is timed appropriately. 57, 58 
